Abstract microRNAs (miRNAs) are small, stable RNA molecules that post-transcriptionally regulate gene expression in plants and animals by base pairing to partially complementary sequences on target mRNAs to inhibit protein synthesis. More than 250 miRNAs are reportedly expressed in the retina, and miRNA gene regulation has been shown to affect retinal development, function, and disease. Here we highlight recent advances in understanding the functional roles of vertebrate retinal miRNAs. Details are emerging about the physiological impact of specific miRNAs in the developing and mature retina, and we discuss a group of emerging technologies for studying miRNAs, which can be employed to yield a deeper understanding of retinal miRNA gene regulation.
Introduction
The retina is a multi-layered sensory organ responsible for transducing light into a pattern of electrophysiological signals ultimately interpreted as 'vision' by the brain. The sensitivity of the phototransduction cascade is tightly regulated to adjust to a wide variety of stimuli, including levels of ambient light and circadian rhythm [1] [2] [3] . In addition, the retina must rapidly cope with toxic byproducts of phototransduction, maintain cell viability under highly oxidizing conditions, and rapidly regenerate isomerized visual chromophore [1] [2] [3] . A complex gene regulation network simultaneously implements the many layers of regulation required to achieve normal vision, and miRNAs are an indispensable component of that regulation. miRNAs are small, stable RNA molecules that posttranscriptionally regulate gene expression by binding to imperfectly complementary sites on target mRNAs, to effect transcript-specific translational repression and mRNA destabilization [4] [5] [6] . First discovered in C. elegans, [7] [8] [9] , miRNAs are ubiquitously expressed in plants and animals and constitute an essential component of gene regulation [10] [11] [12] [13] . As summarized in Fig. 1 , miRNAs are transcribed in the nucleus, either independently or as part of introns of protein-coding genes [14, 15] . Genes of functionally related miRNAs are often clustered on the same chromosome, and expressed as a single primary transcript (pri-miRNA). Short hairpin structures within these pri-miRNAs are recognized in the nucleus by a protein complex known as the microprocessor, resulting in endonucleolytic cleavage by the RNAse III-type enzyme Drosha, and release of *70 nt precursor miRNAs (premiRNAs). These precursors are exported to the cytosol by exportin5 where they undergo a final endonucleolytic cleavage catalyzed by another RNAse III-type enzyme called Dicer.
The *22-nt mature miRNA is then assembled into a ribonucleoprotein effector complex known as the miRNAinduced silencing complex (miRISC). Core components of the miRISC include proteins of the argonaute (AGO) family that directly bind the miRNA and GW182 family proteins which mediate translational repression and mRNA decay [16] [17] [18] [19] . The miRISC is recruited to specific transcripts through base pairing between the mature miRNA and imperfectly complementary target sites (usually in the 3 0 UTR) on cellular mRNAs. Though a consensus has yet to be reached regarding the primary mechanism of miRNA action, most recent reports favor a model whereby miRNAs repress initiation of translation and facilitate target mRNA decay (Fig. 1) .
This review will focus on the substantial progress made recently toward assessing the role of miRNAs in the vertebrate visual system, with particular emphasis on work in mammalian model species. Detailed reviews of advances in understanding miRNA-mediated regulation of insect eye development are available elsewhere [20] [21] [22] . Consistent with the complexity of visual system physiology, miRNA transcriptome analyses have revealed a remarkable diversity of miRNAs expressed in the vertebrate retina [23] [24] [25] [26] [27] [28] [29] [30] . Moreover, miRNA dysregulation has been demonstrated in models of blinding diseases. Conditional Dicer knockout has revealed roles for miRNAs both in retinal development and in the physiology and survival of mature retinal neurons [31] [32] [33] [34] . Finally, genetic loss-of-function studies are beginning to disclose the physiological roles of specific miRNAs or miRNA clusters in the mammalian retina. The recent dramatic increase in interest in retinal miRNAs Fig. 1 miRNA biogenesis and mechanism of action. miRNAs are transcribed in the nucleus, either independently or as introns of protein coding genes, by RNA Polymerase II. Functionally related miRNAs are often clustered on a chromosome and co-transcribed. miRNA primary transcripts (pri-miRNAs) fold into hairpin structures, which are recognized by the nuclear microprocessor complex and cleaved by the RNAse III-type enzyme Drosha, generating *70 nt precursor miRNAs (pre-miRNAs). Pre-miRNAs are exported to the cytoplasm by exportin-5 and further processed into *22 nt doublestranded RNAs. One strand is selected and bound by AGO family proteins, then assembled into a large ribonucleoprotein effector complex known as the miRISC. Imperfect base pairing between the miRNA and target mRNAs recruits the miRISC to target transcripts where it represses their expression either by repressing translation, or enhancing the rate of mRNA decay [4] [5] [6] comes as no surprise considering both our greater awareness of their roles in cellular physiology and disease, and the inherent advantages of the visual system as a model for genetic research. Indeed the number of published reports dealing with miRNA gene regulation has increased by greater than tenfold over the past 6 years, bolstered by discovery of miRNAs involved in a myriad of human diseases together with substantial progress toward targeting miRNAs for therapeutic intervention [35] [36] [37] [38] [39] . Additionally, the visual system provides an advantageous model for genetic investigation for several reasons. The laminar architecture and cell-type functionalities of retinal neurons have been clearly defined through decades of investigation [1] . Genes essential for fundamental processes such as phototransduction and the retinoid cycle are generally nonredundant. Furthermore, visual system-inactivating mutations are non-lethal under laboratory conditions, permitting detailed investigation of their corresponding phenotypes. Finally, the retina is readily amenable to genetic manipulation by well-established techniques including virusmediated gene transfer, injection of nanoparticle-packaged DNA, and retinal lipofection or electroporation of transgene vectors [40] [41] [42] [43] [44] .
The aims of this review are threefold, to: (a) summarize recent progress toward understanding the physiological impact of miRNAs in the vertebrate retina, (b) highlight recent insights regarding the nature of miRNA gene regulation gained by studying retinal miRNAs, and (c) suggest a set of emerging technologies for studying miRNA gene regulation that can be readily adapted to fill gaps in our current understanding of retinal miRNA function.
miRNAs in the retina
Expression profiling miRNA transcriptome analyses provided the first clues about the importance of miRNA gene regulation in the retina. About 80 different miRNAs were initially identified in adult mouse retina by microarray, 23 of which were preferentially expressed in retina as compared to other tissues [28, 30, 45] . Recently, the increased sensitivity afforded by next-generation sequencing (NGS) has dramatically expanded the known number of retinal miRNAs to more than 250 [26] . Expression of retinal miRNAs is also subject to precise regulation, varying dramatically by cell type, developmental stage, environmental conditions, and disease pathology. Laser capture microdissection techniques have established significant retina layer-dependent variations in the expression of a limited set of miRNAs [24, 26] , results confirmed in some cases by small RNA in situ hybridization approaches [26] . Hackler and colleagues monitored miRNA expression throughout retinal development in mouse eye using locked nucleic acid microarrays and found that of the 138 miRNAs detected in the retina at some point between embryonic day 5 and adult, 50 and 23 varied developmentally by at least 4-or 8-fold, respectively [24] . In a remarkably ambitious study, investigators in the Banfi laboratory performed in situ hybridization analysis to yield a high-resolution map of the expression of over 200 miRNAs in the developing and adult mouse eye [23] . Of miRNAs found in the retina, most displayed variability of expression across retinal layers that generally arose during development [23] . Diurnal variation in expression also was reported for a set of retina-specific miRNAs [28] , results later confirmed in a larger study. The latter investigation reported by the Filipowicz laboratory revealed that in contrast to circadian rhythm, these miRNAs were regulated directly by light [26] . The same elegant work combined miRNA transcriptome data from three independent platforms (454 sequencing, Illumina sequencing and microarray analysis) to identify a highconfidence group of five retinal miRNAs (miRs -96, -182, -183, -204, and -211) exhibiting this property [26] .
miRNA expression levels also varied in rodent models of human retinal pathologies. Importantly, four different mouse models of retinitis pigmentosa (including both autosomal dominant and autosomal recessive forms) evidenced changes in the expression of six different retinal miRNAs [45, 46] . In these models, miRs -96, -182, and -183 were consistently downregulated and miRs -1, -133, and -142 were consistently upregulated, as compared to wild-type mice. This result suggests involvement of some or all of these miRNAs in the pathology of retinitis pigmentosa. Consistent with this notion, miRs -96, -182, and -183 were later shown to promote survival of rods in the light-damage mouse model of photoreceptor degeneration (see below) [47] . In addition, altered miRNA expression has been demonstrated in experimentally induced uveoretinitis, retinoblastoma, and in rodent models of diabetic retinopathy [48] [49] [50] [51] [52] [53] [54] [55] (Table 1 ).
Relevance to retinal diseases
Studies of retinal pathologies in animal models suggest that miRNAs can be involved in disease progression, and recent findings also suggest that miRNAs will be useful targets for the prevention or treatment of retinal degenerative disorders. For example, miRNAs have been shown to promote the survival of both rod and cone photoreceptors, a crucial finding as photoreceptor cell death is the primary cause of blindness in retinal degenerative diseases such as Stargardt disease, retinitis pigmentosa, and age-related macular degeneration [56] [57] [58] . Knockout of one of the genes encoding miR-124a led to premature apoptosis of developing cones, whereas simultaneous microRNAs in the vertebrate retina 2741 disruption of miR -96, -182, and -183 activities resulted in dramatically enhanced sensitivity to light-induced degeneration of rods [47, 59] . These results make these miRNAs and the pathways they control attractive targets for the rational design of therapeutics to prevent or ameliorate various retinal degenerative disorders. In addition, the let-7 miRNA has recently been shown to play a role in Müller glia dedifferentiation in zebrafish [60] . Although mammals are unable to regenerate retinal neurons in response to injury, teleost fish retinas can restore visual function through dedifferentiation of Müller glia cells, followed by subsequent maturation of these restored retinal precursors into any type of neuroretinal cell [61] . Mammalian Müller glia lacks this dedifferentiation property, making retinal degenerative vision loss permanent. Ramachandran and colleagues [60] recently demonstrated that let-7 miRNA inhibits zebrafish Müller glia dedifferentiation by repressing the expression of many regeneration-associated target genes. Downregulation of let-7 after retinal injury permits expression of these factors, facilitating glial dedifferentiation and retinal repair. These results identify the let-7 pathway as an intriguing therapeutic target to promote mammalian retinal self-renewal.
The physiological roles of retinal miRNAs
Impact of global loss of miRNA regulation in the retina Disruption of the pre-miRNA processing enzyme Dicer in mice leads to death early in embryonic development.
However, conditional knockout (CKO) of Dicer has become the most common technique used to assess the phenotypic consequences of miRNA gene regulation loss in selected tissues. Dicer CKO tends to yield more severe phenotypes than disruption of other miRNA pathway components for several reasons [62, 63] . First, mammalian genomes encode only one Dicer protein, in contrast to four argonaute family proteins. Furthermore, many miRNAs do not require microprocessor activity for pri-miRNA maturation. For example, mirtrons are short introns of protein coding genes whose pre-miRNA is directly released by the splicing machinery [64] [65] [66] [67] [68] . Dicer CKO is the most reliable method for tissue-specific disruption of miRNA responses. However, as there are rare examples of Dicerindependent production of mature miRNAs, complete loss of Dicer activity in a given tissue results only in loss of most mature miRNAs [62, 63] . In addition, a recent report has implicated dicer in the processing of Alu RNAs in the retinal pigmented epithelium [69] . This study concluded that loss of dicer-mediated cleavage of toxic Alu RNA transcripts (and not loss of mature miRNAs) in these cells led to the phenotype of retinal pigmented epithelium-specific Dicer CKO. Therefore, the possible impact of loss of miRNA-independent dicer RNA processing activities must also be considered when evaluating the phenotype of Dicer CKO models. Four different recently developed retinal Dicer CKO mouse models suggest that miRNAs play diverse roles in the development and physiology of the mammalian retina. Cre-mediated Dicer excision in retinal progenitors resulted Retinoblastoma:
Human patients let-7 [55] in phenotypes of variable severity, likely dependent on the extent of Dicer deletion across the developing retina (Table 2 ). More severe phenotypes resulted when Dicer excision began earlier in retinal development, or when Cre was more uniformly expressed throughout the developing retina. Dicer CKO driven by the Chx10-cre transgene led to decreased electroretinogram (ERG) responses, morphological anomalies, and progressive retinal degeneration [31] . However, retinal development was essentially normal in these mice. By contrast, aPax6cre-driven Dicer CKO resulted in abnormal differentiation of retinal cell types [32] , and Dkk3-cre or Rx-cre driven Dicer deletion led to widespread apoptosis of retinal progenitors [33, 34] , a phenotype consistent with the effect of Dicer disruption in Xenopus [70] . Due to the well-defined laminar architecture and cell type organization of the retina, it should be possible to define cell type-dependent roles of miRNA gene regulation through cell type-specific Dicer CKO. It will be interesting to discover which cell types require miRNAs for proper function in the adult retina. In summary, a wealth of evidence from Dicer disruption studies suggests that miRNA gene regulation is essential for both retinal development and mature retinal neuronal survival and function. These findings have fueled further studies of the functional impact of specific miRNAs or groups of miRNAs on retinal development and physiology.
Roles of specific miRNAs in the retina
Robust defects in retinal development reported in Dicer CKO studies suggest that miRNAs are important both for proper retinal neuronal differentiation and also for survival of retinal precursors during development. Studies performed in frogs, fish, and mice are beginning to identify specific miRNAs and target genes that regulate these global miRNA loss-of-function phenotypes (Table 3 ). Walker and Harland reported that inhibition of miR-24a in Xenopus resulted in increased apoptosis of retinal precursors, leading to reductions in eye size [71] . miR-24a is predicted to target the pro-apoptotic factors caspase-9 and apoptosis protease-activating factor 1 (apaf1). Both these factors were upregulated by inhibition of miR-24a which also repressed expression of reporter genes bearing either the caspase-9 or apaf1 3 0 UTR. These results suggest that miR24a targeting of these cell death genes is important for the survival of neuroretinal progenitors. As the timing of differentiation of retinal precursors is a key determinant of their developmental cell fate, Decembrini et. al. hypothesized that miRNAs exhibiting differential expression during retinal patterning might play a role in regulating the differentiation of retinal cell types [72] . They demonstrated that simultaneous inhibition of a set of miRNAs (miRs -129, -155, -214, and -222) expressed early in Xenopus retinal development could, through de-repression of the homeobox genes otx2, and vsx1, promote differentiation of additional retinal bipolar cells, a late-developing retinal cell type. Thus, in addition to supporting the survival of retinal progenitors, miRNAs also regulate cell fate in the developing visual system. Using the medaka fish as a model system, investigators in the Banfi laboratory recently demonstrated that loss of miR-204 function resulted in gross abnormalities in eye development, an effect mediated in part by dysregulation of the transcription factor Meis2 [73] . In both mice and humans, there are three genetic sources of mature miR-124a (miR-124a-1, miR-124a-2, and miR-124a-3), a highly abundant, brain-enriched miRNA implicated in regulation of neuronal development [74] [75] [76] [77] [78] . Knockout of one of these genes in mice resulted in specific apoptosis of newly differentiated cone photoreceptors (along with pronounced effects elsewhere in the CNS, including microencephaly and defects in hippocampal axogenesis) [59] . This cone cell death was partially rescued by shRNA-mediated reduction of the miR-124a target gene, Lhx2, which encodes a homeobox transcription factor required for eye development. This study is the first report of a robust retinal phenotype for knockout of a single miRNA in a mammalian model species. Interestingly, this model represents only partial loss of miR-124a in the Dkk3-cre Ubiquitously expressed in precursors of all neuroretinal cell types beginning at embryonic day 10.5
Microphthalmia, massive apoptosis of retinal progenitor cells [33] Rx-cre Ubiquitously expressed in the developing neuroretina, optic stalk, and later in the optic chiasm. Some expression also in the lens Microphthalmia, massive apoptosis of retinal progenitors, additional defects in retinal ganglion cell axon pathfinding [34] microRNAs in the vertebrate retina 2743 retina, as significant retinal expression of pre-miR-124a-2 was observed in the retinas of knockout mice [59] . Considering the paucity of strong reported phenotypes for individual miRNA disruptions in mammals, the severity of the impact of partial loss of miR-124a is surprising and highlights the importance of this miRNA in the neuroretina, and for neurons in general.
To begin assessing the physiological impact of specific groups of miRNAs in photoreceptors, our laboratory recently evaluated the role of the miR-183/96/182 cluster (hereafter referred to as the miR-183 cluster) in rods. The miR-183 cluster is an evolutionarily conserved, paralogous miRNA gene cluster. Cluster miRNA components exhibit similar seed region sequences and are predicted to share common target mRNAs. Enriched in rod and cone photoreceptors, these miRNAs are regulated by light, suggesting they might play a role in phototransduction or the visual cycle [26, 28] . To test this hypothesis, we developed a miR-183 cluster sponge transgenic mouse model (Fig. 2b) [47] . Briefly, we engineered a transgene driving rod-specific expression of a reporter mRNA bearing ten target sites for each cluster miRNA, inactivating these miRNAs by sequestration. The retinas of transgenic mice were morphologically indistinguishable from wild-type mice when kept under normal laboratory lighting conditions, However, when the visual system of transgenic mice was stressed with intense light, they evidenced a dramatically increased sensitivity to lightinduced retinal degeneration. A 30-min light exposure caused the death of *80 % of rods in the superior retina, whereas similar light exposure led to no discernable changes in wild-type mice. Though there are many examples of miRNA-dependent defects in development, this lightinduced retinal degeneration is a rare example of a robust miRNA loss-of-function phenotype in a mature tissue. Moreover, we identified Casp2 as a direct target of the miR-183 cluster. Expression of both the cluster miRNAs and Casp2 increased in response to light in wild-type mice, and pharmacological inhibition of caspase-2 partially rescued light-induced retinal degeneration in transgenic mice. Therefore, miR-183 cluster-mediated repression of this apoptotic gene is at least partially responsible for the observed miRNA-driven rod photoreceptor protection.
However, miRNAs are generally thought to 'fine tune' gene expression, by effecting only minor changes in the expression of multiple genes. Therefore, it is likely that dysregulation of other direct miRNA target genes contributes to the enhanced light sensitivity of these transgenic mice. Clarification of this point will require systematic, biochemical identification of these miRNAs' physiologically relevant targets (see emerging technologies below).
Other than our 'sponge' transgenic mice, two additional mouse models exhibiting disrupted miR-183/96/182 cluster activity have been characterized. An N-ethyl-N-nitrosurea (ENU)-induced mutation leading to a dominant auditory system developmental defect was mapped to a seed region substitution mutation in miR-96 [79] , and a miR-182 knockout mouse model was recently generated [80] . Consistent with the phenotype of miR-183 cluster sponge transgenic mice, knockout of miR-182 resulted in no discernible change in retinal morphology under normal laboratory lighting conditions and visual system function has yet to be systematically characterized in miR-96 mutant mice. Evaluating these two mouse models for sensitivity to light induced retinal degeneration will provide insight into the relative importance of each cluster miRNA in supporting photoreceptor survival upon light stress. However, it is quite possible that disruption of all three miRNAs will be required to elicit a robust phenotype due to functional redundancy. The seed region sequences of these three miRNAs are quite similar and target prediction algorithms generate overlapping lists of putative target genes for them. Importantly, functional redundancy of the three miRNAs has been directly established in the zebrafish auditory system. Morpholino-induced knockdown of all three cluster miRNAs produced auditory system morphological defects that were more severe than those resulting from knockdown of miR-96 alone, or miR-182 and -183 together [81] . In addition, transgenic expression of miR-182 partially rescued the phenotype of miR-96 knockdown in this system [81] .
In addition to the miR-183 cluster, miR-26a has also been shown to be important for the physiology of mature photoreceptors (Table 3) . A study demonstrated that miR-26a in chickens directly regulates the expression of miR-124a Knockout of one of the miR-124a genes (miR-124a-1) leads to apoptosis of newly differentiated cone photoreceptors in mice [59] miRs -129, -155, -214, and -222
Simultaneous inhibition of these miRNAs in Xenopus leads to abberrant timing of retinal precursor differentiation [72] miR-183/96/182 cluster Simultaneous, sponge-driven inactivation in mouse rods leads to light-induced retinal degeneration [47] miR-204 Inhibition in the medaka fish leads to gross defects in eye development [73] the a1C subunit of the photoreceptor L-type voltage-gated calcium channel (L-VGCCa1C) [82] . Circadian rhythmdependent fluctuations in the expression of this miRNA led to changes in the rate of L-VGCCa1C translation, contributing to the circadian regulation of light-dependent neurotransmitter release in these dynamic sensory neurons.
Mammalian retina as a model for studying miRNA gene regulation
Despite the expenditure of much energy and resources over recent years, the precise mechanism of miRNA gene regulation remains unclear. Many possible mechanisms of miRNA action have been proposed, including miRNAmediated repression of translation initiation, post-initiation translational repression, destabilization of nascent polypeptides, facilitated decay of target mRNAs, and even miRNA-mediated enhancement of gene expression under certain circumstances [5, 6] . In addition, we are now only beginning to understand the cellular regulation of the miRNA response. There are at least two possible explanations for the disparity among mechanisms advocated for the miRNA response. First, most studies dealing with miRNA gene regulation were performed with cultured cell lines or in vitro extracts derived from immortalized cells. These systems provide invaluable experimental flexibility and have greatly advanced our knowledge of miRNA action. However, miRNA dysregulation is a hallmark of transformed cells [39, 83, 84] . Therefore, it is unclear whether the insights gleaned from these model systems are relevant to miRNA action in animals. Alternatively, all the proposed mechanisms might be relevant to the biology of different tissues under different physiological conditions. Targeting of a particular transcript by a given miRNA, as well as the primary mode of miRNA gene regulation, could depend on multiple factors such as the presence of other miRNAs, the abundance of other target transcripts, proteins associated with the miRISC complex, the presence of other mRNA-binding proteins that bind near the miRNA target site, etc. In either case, it has become increasingly apparent that studying the nature of the miRNA response in animal Fig. 2 Emerging technologies for the study of miRNA gene regulation. a AGO CLIPseq permits systematic biochemical identification of miRNA targets directly in selected tissues [109] . AGO proteins are crosslinked in vivo to both miRNA and target mRNA. Limited RNAse digestions followed by high stringency immunoprecipitation with AGO-specific antibodies results in purification of AGO proteins covalently linked to either miRNAs or short fragments of target mRNAs. These co-purified RNAs are then identified by NGS. b A miRNA sponge is a synthetic gene bearing multiple target sites for selected miRNA(s) in its 3 0 UTR. Sponges sequester miRISCs bound to a miRNA, de-repressing synthesis of that miRNA's target genes. c Target protectors are oligonucleotides that interact with target mRNAs by base-pairing, thus inhibiting interaction of the miRISC with overlapping target sites, de-repressing the expression of specific target transcripts microRNAs in the vertebrate retina 2745 models promises to yield more physiologically relevant insights. Thus, many groups have turned to the retina as a model system for studying miRNA gene regulation. The retina has several advantages including: (a) its laminar architecture and cell type functionalities are well characterized, (b) as a central nervous system component, the retina is remarkably amenable to experimental manipulation, and (c) genetic manipulations that disrupt visual system development or physiology do not cause premature death, permitting detailed analysis of phenotypic consequences. Hence, several significant insights regarding the regulation of the miRNA response and its manipulation for therapeutic purposes have recently been gained from studies of the vertebrate retina.
In a study of broad scope and implications, investigators in the Filipowicz laboratory set out to determine whether retinal miRNAs are important for adaptation to variable levels of illumination [26] . While examining the dynamic expression levels of a set of light-regulated miRNAs, they noticed an unexpectedly sharp decline in the levels of these miRNAs upon dark adaptation. Based on this initial observation, they went on to demonstrate that dynamic activity-dependent enhancement in the rate of miRNA decay is a common feature of regulation of the miRNA response, especially in neurons. Such rapid, activitydependent miRNA turnover could enable more dynamic modification of cellular miRNA composition, facilitating miRNA regulation of a rapidly changing transcript pool in active neurons. In addition, knockout of Dicer in the mouse retinal pigmented epithelium revealed that this pre-miRNA processing enzyme might also be involved in cleavage of other cellular RNAs [69] . Finally, Karali and colleagues [85] recently showed that engineering miRNA target sites into the 3 0 UTR of virally delivered transgenes could effectively modify the pattern of transgene expression in the mammalian retina. The last result has interesting implications for the design of gene delivery vectors, not only for the visual system, but other organs and tissues as well. Hence, studies in retina are beginning to yield useful knowledge about regulation of the miRNA response, as well as ways to hijack this gene regulatory mechanism to facilitate eventual gene therapy.
Targeting miRNA gene regulation for treatment of ocular diseases
Retinal pathologies are attractive candidates for gene therapy approaches based on the relative accessibility of this tissue for targeted gene delivery. Indeed, gene therapy approaches for the treatment of ocular pathologies have met with much success in recent years. Adeno-associated virus-mediated gene replacement has proven both safe and effective for treating Leber congenital amaurosis in clinical trials with patients carrying mutations in the Rpe65 gene [86] [87] [88] [89] [90] [91] [92] . In addition, gene therapy for neovascular agerelated macular degeneration, as well as retinoblastoma is undergoing clinical trials [93, 94] . miRNA-based gene therapeutic approaches can offer enhanced efficacy based on targeting multiple genes in the same pathway, and substantial progress has been made recently in developing efficient delivery systems for targeting miRNA pathways therapeutically [35] [36] [37] [38] [39] . Multiple strategies both for augmenting and repressing the activity of specific miRNAs have been reported, including delivery of synthetic miRNA mimics, miRNA-encoding transgenes, competitive miRNA inhibitory antisense oligonucleotides (known as antagomirs) and miRNA sponges (Fig. 2b) [39] . The relative ease of gene delivery to the retina also promises to facilitate the introduction of small RNAs for therapeutic purposes, as evidenced by recent clinical trials involving introduction of siRNAs to the retina for treatment of neovascular agerelated macular degeneration [95] [96] [97] . Thus miRNA gene therapy for retinal degenerative disorders melds two successful, recently developed approaches (i.e., gene therapy in the eye and gene therapy targeting miRNA genes). In light of recent results which clearly demonstrate that specific miRNAs play a role in photoreceptor survival [47, 59] , manipulation of miRNA activity constitutes an attractive strategy to treat retinal degenerative disorders such as retinitis pigmentosa, and age-related macular degeneration.
Future directions
Recent findings have been discussed that have dramatically expanded our understanding of the physiological impact of miRNA gene regulation in the retina. Dicer CKO studies have clearly demonstrated that global loss of retinal miRNAs has markedly detrimental effects on retinal development and physiology. Loss-of-function studies with lower vertebrate model species have identified fundamental roles for miRNAs in regulating the differentiation and promoting the survival of retinal neuronal progenitors. Finally, we are beginning to discern roles for specific miRNAs in adult retina. Some remaining challenges toward understanding the roles of retinal miRNAs are to: (a) assess the specific physiological roles of each retinal miRNA, (b) systematically identify genes directly targeted by miRNAs in the retina, and (c) determine specific target gene(s) whose dysregulation in the absence of miRNAs results in abnormal retinal phenotypes. Though this list seems daunting, emerging technologies developed for studying miRNAs in other systems have the potential to dramatically accelerate progress. It is possible to envision an experimental scheme wherein the direct targets of a retinal miRNA are identified biochemically by using AGO crosslinking immunoprecipitation followed by next generation sequencing (CLIPseq), the physiological impact of that miRNA determined using a miRNA sponge, and the targets whose de-repression is responsible for the phenotype identified utilizing target protector oligonucleotides (Fig. 2) . In this way, a complete, detailed picture of the physiological impact of each retinal miRNA could be revealed.
AGO CLIPseq
Reliable identification of genes targeted by miRNAs is of paramount importance to understanding the physiological impact of miRNA gene regulation. Until recently, targets of a given miRNA were identified by using one of several bioinformatic miRNA target prediction algorithms (e.g., TargetScan [98] , PicTar [99] , Microcosm [100] , etc.). Selected target genes were then validated by demonstrating that their 3 0 UTR could be directly targeted in a reporterbased, cell culture transfection assay. However, this approach suffers from several inherent limitations. First, target prediction algorithms suffer from a high rate of false positives, requiring potentially biased selection of putative targets for further analyses. Second, constraints inherent in each of the different target prediction algorithms render them unlikely to identify certain classes of physiologically relevant target genes. For example, reliance on perfect seed region complementarity causes certain algorithms to ignore targets exhibiting non-canonical (i.e., G-U wobble) base pairing or seed region mismatches. Similarly, analyses limited to the mRNA 3 0 UTR miss a well-characterized class of target sites residing within the coding sequence [101] [102] [103] . Finally, cell type and tissue-specific factors such as expression of other miRNA target transcripts, mRNA binding proteins or target site-bearing non-coding RNAs can influence miRISC interaction with a given putative target transcript [84, [104] [105] [106] [107] [108] . Therefore, reliable, non-biased miRNA target identification requires a systematic, biochemical assay of miRISC-target mRNA interactions directly in the cell-type or tissue of interest.
The recently developed technology of CLIP-seq offers an elegant solution to this problem (Fig. 2a) [109, 110] . Conveniently, miRNA-interacting proteins of the AGO family exist in sufficiently close proximity to both the miRNA guide strand and its bound target mRNA to permit in vivo UV-crosslinking to both RNAs [109, 111] . The resulting covalently linked protein-RNA complexes then can be purified through high-stringency immunoprecipitation, and the RNA sequences identified by NGS. First reported in 2009, the utility of AGO CLIP-seq is now well established in a variety of systems including HeLa cells, mouse embryonic stem cells, C. elegans, and mouse neocortex [109, [112] [113] [114] . However, no systematic, biochemical analysis of miRNA targets in the retina has yet been reported. CLIPseq analysis represents a dramatic improvement over earlier AGO immunoprecipitation-based miRNA target analyses which lack crosslinking, because in vivo crosslinking stabilizes the AGO-RNA complexes such that the resulting genome-wide map of retinal miRNA regulation represents a snapshot of RNAs bound by AGO in living cells. In addition, covalent attachment of AGO to bound RNAs allows more stringent immunoprecipitation, reducing background, and identification of RNAs whose interaction with the miRISC might be too transient to survive immunoprecipitation and washing.
The miRNA sponge With reported mammalian retinal miRNAs numbering in the hundreds, it is impractical to knockout these miRNAs individually in mice to evaluate their physiological function (even though a resource of mouse embryonic stem cells bearing deletion of most individual miRNAs has recently been reported) [115] . Inhibition of miRNA activity with synthetic antagomirs is another option, but though the retina is more amenable to this type of manipulation than other tissues, the extent and duration of this effect is limited. A useful alternative is to express a sponge transgene to inactivate one or a group of miRNAs by sequestration (Fig. 2b) . This approach has the advantages of decreased model development time along with control over cell-type specificity of miRNA inactivation through selection of an appropriate promoter to drive sponge transgene expression.
miRNA target protectors
Once the impact of loss of a specific miRNA has been established and its direct targets biochemically validated, the next challenge is to establish which of the identified target genes mediates the observed phenotype. The ideal way to address this question would be to knock-in mutation to the target site(s) to see if this disruption has an effect similar to miRNA inactivation. However, as miRNAs tend to target many genes, this approach is likely to be prohibitively laborious. An alternative has recently been developed involving the use of antisense oligonucleotides termed 'target protectors' (Fig. 2c) . First developed in zebrafish [116] , this strategy has since been used to inhibit miRNA-target interactions in Drosophila [117] , and more recently in mice [118] . Briefly, a target protector is an antisense oligonucleotide that binds to a region of a given mRNA overlapping the miRNA target site, acting as a competitive inhibitor of miRISC-target interaction that is specific for the selected target gene. Zovoilis and colleagues [118] used hippocampal injection of target protector oligonucleotides to demonstrate microRNAs in the vertebrate retina 2747 that miR-34c mimic-dependent learning impairment is mediated through targeting of the SIRT1 mRNA in mice. One can easily envision application of this approach to study retinal miRNA-target interactions by subretinal injection of precisely designed target protectors, or through cell typespecific expression of target protector transgenes.
Conclusions
A wealth of new information has evolved recently regarding the functional significance of miRNAs in the vertebrate retina. Global as well as specific miRNA loss-of-function studies have revealed important roles for miRNAs in retinal development, physiology and disease. Furthermore, the vertebrate retina has served as an attractive model system for studying both the regulation and experimental manipulation of the miRNA response. New technologies for studying miRNA gene regulation now make it possible to evaluate precisely the impact of loss of specific miRNAs or miRNAtarget mRNA interactions in selected tissues or cell types. Moreover, technology permitting tissue-specific, biochemical identification of miRNA targets will allow systematic analysis of downstream factors that mediate loss-of-function phenotypes. Though much progress has recently been made in this field, the pace of discovery is certain to increase greatly in the near future.
